We study a possible origin of single spin asymmetries in the large p T inclusive production of hadrons in the scattering of unpolarized protons or leptons on transversely polarized nucleons. Such asymmetry is related to the single-spin asymmetry for the process p ↑ → q + X or, equivalently, to the off-diagonal matrix element of the quark density operatorψγ + ψ; this quantity need not be zero if transverse momentum and spin-isospin interactions are taken into account. The different signs for the large single spin asymmetries observed in p ↑ p → π + X and p ↑ p → π − X can be explained as a consequence of chiral symmetry. Crucial tests of the model are suggested. PACS Number(s): 13.88.+e, 13.85.Ni, 12.39.Fe Typeset using REVT E X 1
It has become very popular to use chiral Lagrangians to study nucleon spin structure functions. They have been used, for example, to understand the reduction of the proton spin fraction carried by the quarks [1] . In this paper we show that chiral symmetry plays a crucial rôle in the single-spin asymmetries observed in the inclusive production of pions in the scattering of transversely polarized protons off unpolarized ones [2] . In particular we shall show that the opposite sign of the asymmetry for positive and negative pions can be related to the underlying chiral symmetry of the model describing the nucleon. This mechanism can be tested by measuring single-spin asymmetries in inclusive hadronic processes, p ↑ p → γX and p ↑ p → hX, or in the Deep Inelastic Scattering (DIS) of unpolarized (or longitudinally polarized) leptons on transversely polarized nucleons.
The main point of this paper is the analysis of a new quantity introduced in Refs. [3] and [4] :
wheref a,λ a /p ↑(↓) (x a , k ⊥a ) is the number density of partons a with helicity λ a , momentum fraction x a and intrinsic transverse momentum k ⊥a in a transversely polarized proton. Eq. (2) follows from Eq. (1) by rotational invariance and explicitely shows that
This new quantity can be regarded as a single spin asymmetry or analysing power for the p ↑ → a + X process; if we define the polarized number densities in terms of distribution amplitudes asf
then we have, in the helicity basis,
where + and − stand respectively for the proton helicity λ p = 1/2 and λ p = −1/2. In equations above stands for a spin sum and phase space integration of the undetected particles, considered as a system X. Notice that, in the absence of quark transverse motion (k ⊥ = 0), angular momentum conservation implies λ p = λ a + λ X so that, once more, we see that I +− (x, k ⊥ = 0) = 0. It is useful to compare the previous function with well known distribution functions:
In the last equation we have neglected terms which vanish when integrated on k ⊥ . According to the usual operatorial definition of quark densities using light cone variables [5] Eq. (4) can be written as
where in the last line we have adopted the notations of Ref. [5] . This definition coincides with the previous one, Eq. (4), as it can be seen using completeness:
a+ |X X|ψ a+ . The I +− function corresponds therefore to the imaginary part of the off-diagonal matrix elements of the same operator appearing in the definition of f 1 .
In Ref. [5] it is argued that such off-diagonal matrix elements are zero due to the timereversal invariance of QCD, and indeed this is proved by exploiting the time-reversal and parity transformation properties of free Dirac spinors. In terms of distribution amplitudes for the process p ↑ → q + X this can be understood by observing that no time-reversal even observable can be constructed with 2 independent momenta and one spin vector. In Ref. [4] soft initial state interactions between the colliding protons were invoked to avoid the problem, assuming that such interactions do not violate the factorization scheme. This is what happens in the fragmentation of a transversely polarized quark, which might give origin to single spin asymmetries -the so called Collins or sheared jet effect [5, 6 ] -due to final state interactions of the fragmenting quark.
We show here that time-reversal invariance does not necessarily imply for the off-diagonal matrix elements (8) to be zero, even when neglecting initial state interactions, provided some spin-isospin interactions are present in the quark Lagrangian, as it happens in chiral models.
In the proof of the vanishing of I +− via time reversal, it is crucial that the quark fields ψ are expanded on a basis of eigenstates of the Hamiltonian. On the other hand, when a spin-isospin interaction is present, the eigenstates of the Dirac Hamiltonian correspond to combinations of spin and flavour. If the quark field acts on a fixed flavour component, it cannot create or destroy eigenstates of the chiral Hamiltonian. Therefore the intermediate states |X obtained e.g. destroying a quark of specific flavour in the spin up proton at time t = 0 are not eigenstates of the chiral Hamiltonian and will evolve in a complicated way in the pionic field, oscillating in spin and flavour up to the time t = y 0 . The previous discussion is rather general, and does not refer to any specific chiral model. It can be applied both to sigma-model or to Nambu-Jona-Lasinio model. We show now more explicitely how the previous idea is realized in the sigma-model, whose Lagrangian reads:
where U(σ, π) is the usual mexican-hat potential. In this model the nucleon consists of three valence quarks, moving in a background of chiral fields. The pion and the sigma fields are assumed to be time-independent. We want to show that: 1) at the single-quark level time reversal mixes states of different flavour, but 2) the physical nucleon state obtained from this model satisfies the usual time reversal relation.
To study time-reversal for the single-quark state we write the Dirac equation. It reads:
We seek now the time reversed solution of the same equation, corresponding to the substitution k → −k. Using the standard procedure one obtains the equation:
As it can be seen, if the pion field is absent the time-reversed solution is given by γ 5 Cu * (k). On the other hand, the term containing the pion has been modified by the previous transformation. To compensate, one needs to introduce an isospin rotation. Since (−iτ 2 )(− τ T )(iτ 2 ) = τ , the time reversed solution reads (−iτ 2 )γ 5 Cu * (k) and therefore under time-reversal the isospin of the single quark is reversed. Actually, quark states of fixed isospin are not eigenstates of the chiral hamiltonian. A good example is provided by the hedgehog which is used in most practical calculations in chiral models. In the mean field approximation, taking the hedgehog form for the mean pion field, π =rφ(r), the spin-isospin wave function of a positive energy S-eigenstate of the chiral hamiltonian is given by |h = [ |u+ − |d− ]. We study now the problem of time reversal for the physical nucleon. The mean field solution for the three-quark 1S-state does not correspond to a specific spin and flavour state, but it is a superposition of nucleon and delta. An eigenstate of spin and flavour can be obtained using the so-called projection technique, developed by many authors [7] . They introduce the projector: To conclude, we have shown that quark states of specific spin and flavour are not eigenstates of the Hamiltonian. It is indeed possible to build states of definite spin and flavour in chiral Lagrangians, but they correspond to a mixing of quarks and pions. As a consequence time reversal invariance does not forbid off-diagonal matrix element of the density operator, Eq. (8), to be different from zero, and this can lead to single spin asymmetries in p ↑ p → π + X and p ↑ p → π − X processes, as suggested in Refs. [3] and [4] and in agreement with observation. Such asymmetries would then reveal, in this interpretation, the presence of an interaction which mixes states with different flavours.
There might be another origin of single spin asymmetries in inclusive production of hadrons, related to spin and k ⊥ effects in the fragmentation of a polarized quark, as suggested in Refs. [5, 6] ; it might then be difficult to single out the specific mechanism discussed here if one considers only p ↑ p → πX processes or similar ones in which one merely observes a final large p T hadron. However, the possible origin from the quark fragmentation can be excluded by looking at single spin asymmetries in p ↑ p → γX (no fragmentation) or even in p ↑ p → πX or ℓp ↑ → πX, by selecting a final π, or any other hadron, collinear with the jet (k ⊥ = 0).
An analysis of single spin asymmetries in DIS has recently been performed [9] , without taking into account the spin-isospin interactions considered here: these allow the unique possibility of observing single spin asymmetries in fully inclusive DIS processes, ℓp ↑ → ℓX, with unpolarized or longitudinally polarized leptons scattering off protons (or neutrons) polarized perpendicularly to the scattering plane:
Our mechanism -related to the non vanishing of the off-diagonal matrix elements of the quark density operator -would be the only way of obtaining a non zero value for the single spin asymmetries (13). Such data might already be available from polarized DIS experiments and only need a dedicated analysis.
